The objective of this study was to estimate genetic parameters for concentrations of minerals in LM and to evaluate their associations with beef palatability traits. Samples of LM from 2,285 Angus cattle were obtained and fabricated into steaks for analysis of mineral concentrations and for trained sensory panel assessments. Nine minerals, including calcium, copper, iron, magnesium, manganese, phosphorus, potassium, sodium, and zinc, were quantifi ed. Restricted maximum likelihood procedures were used to obtain estimates of variance and covariance components under a multiple-trait animal model. Estimates of heritability for mineral concentrations in LM varied from 0.01 to 0.54. Iron and sodium were highly and moderately heritable, respectively, whereas the other minerals were lowly heritable except for calcium, copper, and manganese, which exhibited no genetic variation. Strong positive genetic correlations existed between iron and zinc (0.49, P < 0.05), between magnesium and phosphorus (0.88, P < 0.05), between magnesium and sodium (0.68, P < 0.05), and between phosphorus and potassium (0.69, P < 0.05). Overall tenderness assessed by trained sensory panelists was positively associated with manganese, potassium, and sodium and negatively associated with phosphorus and zinc concentrations (P < 0.05). Juiciness assessed by trained sensory panelists was negatively associated with magnesium and positively associated with manganese and sodium concentrations (P < 0.05). Livery or metallic fl avor was not associated with any of the minerals (P > 0.05). Beefy fl avor was positively associated with calcium, iron, and zinc and negatively associated with sodium concentration, whereas a painty or fi shy fl avor was positively associated with sodium and negatively associated with calcium and potassium concentrations (P < 0.05). Beef is a major contributor of iron and zinc in the human diet, and these results demonstrate suffi cient genetic variation for these traits to be improved through marker-assisted selection programs without compromising beef palatability.
INTRODUCTION
Dietary minerals are essential components of human diets, and most dietitians recommend that these minerals be supplied from foods in which they occur naturally. Although the prevalence of obesity is rapidly increasing (Flegal et al., 2012) and has reached a 33.8% high among U.S. adults (Shields et al., 2011) , many Americans are not meeting the recommended daily intake for many nutrients (ARS-USDA, 2011) .
Of the commonly consumed protein foods, red meat is one of the best sources of readily absorbed iron and zinc. However, limited information is available regarding the content and natural variation in many nutrients in beef or the extent to which that variation is the result of genetic differences or associated with meat palatability traits. This information is necessary to evaluate the current and potential future role beef plays as a contributor of several essential minerals and trace elements to the human diet. Evaluation of relationships between the concentrations of these nutrients and sen-sory traits is essential for understanding the impact of this natural variation on traits like tenderness, juiciness, and fl avor, which represent critical aspects of consumer acceptance and satisfaction.
The objectives of this study were to quantify the genetic and environmental components of observed variation in the concentrations of minerals in LM of Angus beef cattle, to estimate genetic correlations among minerals, and to estimate associations of these minerals with a wide portfolio of beef palatability traits.
MATERIALS AND METHODS
The Oklahoma State University Institutional Review Board approved the experimental protocol used in this study
Animals and Sample Collection
A total of 2,285 Angus-sired bulls (n = 540), steers (n = 1,311), and heifers (n = 434) sired by 155 sires were used in this study. All cattle were fi nished on concentrate diets in Iowa (n = 1,085), California (n = 360), Colorado (n = 388), or Texas (n = 452). Animals were harvested at commercial facilities when they reached typical U.S. market end points, with an average age of 457 ± 46 d. Production characteristics and additional details of the sample collection and preparation of these cattle were reported previously (Garmyn et al., 2011) . After external fat and connective tissue were removed, the 1.27-cm steaks were analyzed for nutrient composition. Nutrient composition analysis was conducted at Iowa State University (Ames). In addition, 2.54-cm steaks were fabricated for sensory analysis. All steaks were vacuum packaged, aged at 2°C for 14 d from the harvest date, and then frozen at −20°C. Steaks were cooked and subjected to sensory analysis at Oklahoma State University Food and Agricultural Products Center (Stillwater).
Sensory Analysis
A detailed description of the selection and training of sensory panel members and procedures were described by Garmyn et al. (2011) . Briefl y, steaks were thawed at 4°C for 24 h before cooking, cooked to 68°C, sliced into approximately 2.54 × 1.27 × 1.27 cm samples, and served warm to panelists. Samples were evaluated using a standard ballot from the American Meat Science Association (AMSA, 1995) . Panelists evaluated samples in duplicate for sustained juiciness and overall tenderness using an 8-point scale. The average score of all panelists for each animal was used in the analysis. Panelists evaluated cooked beef fl avor, painty or fi shy fl avor, and livery or metallic fl avor intensity using a 3-point scale. For juiciness, the scale was 1 = extremely dry and 8 = extremely juicy. The scale used for overall tenderness was 1 = extremely tough and 8 = extremely tender. The scale for connective tissue was 1 = abundant and 8 = none. The scale used for beef fl avor and off-fl avor intensity was 1 = not detectable, 2 = slightly detectable, and 3 = strong.
Mineral Concentrations
As previously described in Garmyn et al. (2011) , the mineral content of LM samples was determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES; SPECTRO Analytical Instruments, Mahwah, NJ). The samples were dried at 105°C for 18 to 20 h according to AOAC offi cial method 934.01 (AOAC, 2000) , and moisture content was calculated. Dried samples were subjected to a closed-vessel microwave digestion process (CEM, MDS-2000, Matthews, NC) with 5 mL concentrated nitric acid and 2 mL 30% hydrogen peroxide according to AOAC offi cial method 999.10 (Jorhem and Engman, 2000) . The microwave was programmed as follows: 250 W for 5 min, 630 W for 5 min, 500 W for 20 min, and 0 W for 15 min. Digested samples were transferred to 25-mL volumetric fl asks and diluted with deionized water. The concentrations of calcium, copper, iron, manganese, phosphorus, potassium, sodium, magnesium, and zinc were then measured by ICP-OES.
Statistical Analysis
Trait means and standard deviations were calculated using the MEANS procedure (SAS Inst. Inc., Cary, NC). Sex (bull, cow, or steer) and feedlot location were confounded in this data set as California and Texas had only steers, bulls were only in Iowa, and cows were only in Colorado and Iowa. Least squares means estimating the effect of sex were obtained from the PROC GLM procedure of SAS using a fi xed effects model that had sex, sex within feedlot location, and harvest day within sex by feedlot location and least squares means for feedlot location with a model that included feedlot, feedlot within sex, and harvest day within sex by feedlot location. Least squares means were separated using the PDIFF option of GLM in SAS.
For each mineral, restricted maximum likelihood procedures were used to estimate genetic and residual variances as well as heritability on the basis of a singletrait animal model fi tted to the data using WOMBAT (Meyer, 2007) .
For minerals with nonzero estimated genetic variance (iron, magnesium, phosphorus, potassium, sodium, and zinc), restricted maximum likelihood procedures were used to estimate genetic and phenotypic covarianc-es from a multitrait animal model simultaneously fi tted to all 6 traits using WOMBAT (Meyer, 2007) . In matrix notation, the basic model equation was
where Y is a vector of the observations for 6 traits, X is an incidence matrix relating observations to fi xed effects, β is a vector of the fi xed effects for each trait, Z is an incidence matrix relating observations to random animal effects, u is a vector containing the random genetic effects for all animals and all 6 traits, and e is a vector of the random residual errors for all measured traits and animals. Contemporary groups were defi ned on the basis of gender at harvest (bull, heifer, or steer), fi nishing location (California, Colorado, Iowa, Texas), and harvest date for a total of 33 groups. Contemporary groups were fi t as fi xed effects in all analyses. It is assumed that the random effects u and e are independent and have multivariate normal distributions with mean 0 so that E[y] = Xb. Variance assumptions comprised Var(u) = A ⊗ ∑a and Var(e) = I ⊗ ∑e, where ∑a = matrix of additive genetic covariances between traits and ∑e = residual covariance matrix, A = relationship matrix, I = identity matrix, and ⊗ = direct product between matrices.
A pedigree fi le with 5,907 individuals including identifi cation of all animal, sire, and dam trios for 5 generations was used to defi ne relationships among animals in the data set. The signifi cance of genetic correlations was obtained as θ ± Z α/2 (sampling error), assuming normality of the estimator, θ.
A single-trait animal model and a stepwise approach were used to construct a model to evaluate the association between each sensory trait and mineral content. We started with contemporary groups as a fi xed effect and all minerals as covariates. Nonsignifi cant effects were deleted sequentially from the full model until a fi nal model containing only signifi cant terms was obtained. All signifi cance tests were conducted at the 5% level.
RESULTS AND DISCUSSION
In addition to its role as an excellent source of protein, beef is also an important source of minerals in the human diet. The number of observations and simple statistics for calcium, copper, iron, magnesium, manganese, phosphorus, potassium, sodium, and zinc concentrations (μg/g muscle) are presented in Table 1 . Iron, magnesium, sodium, potassium, phosphorus, and zinc content were variable, with the CV ranging from 0.14 to 0.21, whereas calcium, copper, and manganese concentrations were highly variable, with the CV ranging from 0.51 to 1.09. Sex and feedlot location had a signifi cant effect (P < 0.05) on all minerals. Least squares means and statistical signifi cance for the effect of sex and feedlot location on the concentration of each mineral are presented in Tables 2 and 3 , respectively. Although sex and feed location had a signifi cant effect on all minerals, there was also considerable variation within each sex by feedlot location group, as shown in Table 4 . Among all minerals, calcium, copper, and manganese were the most variable within sex by feedlot location, with CV ranging from 0.30 to 2.86, whereas iron, magnesium, sodium, potassium, phosphorus, and zinc content had a CV ranging from 0.07 to 0.27 across all sexes by feedlot location classes.
Heritabilities
Estimates of h 2 for calcium, copper, iron, magnesium, manganese, phosphorus, potassium, sodium, and zinc concentrations in LM from Angus cattle are presented in Table 5 . The heritability for calcium, copper, and manganese was essentially 0, whereas magnesium, phosphorus, potassium, and zinc had low heritability (h 2 = 0.009-0.09) and sodium was moderately heritable (h 2 = 0.12). Iron was the only mineral with high heritability (h 2 = 0.54). This is the fi rst report to our knowledge of heritability estimates for these minerals in skeletal muscles from beef cattle.
Correlations
Genetic and phenotypic correlations, calculated by using a multiple-trait animal model, are shown in Table 6 . All minerals analyzed in this study showed positive phenotypic correlations. There was a weak positive phenotypic correlation between iron and zinc, and each of these 2 minerals had weak positive phenotypic correlations with magnesium, phosphorus, potassium, and sodium (ranging from 0.20 to 0.35). Sodium was positively and moderately correlated with magnesium, phosphorus, and potassium (phenotypic correlations ranging from 0.52 to 0.65). Strong and positive phenotypic correlations were observed between phosphorus and magnesium (0.819), between potassium and magnesium (0.72), and between potassium and phosphorus (0.75).
Only a few signifi cant genetic correlations existed between the minerals in our study. Strong and positive genetic correlations were found between magnesium and phosphorus (0.88), magnesium and potassium (0.68), and phosphorus and potassium (0.69). A moderate positive genetic correlation was identifi ed between iron and zinc (0.49). All signifi cant genetic correlations identifi ed in this study were positive, indicating that selection would tend to change the beef content for these minerals in the same direction. Although selection programs for increasing the content of all these minerals in beef is possible, it would very likely be impractical. However, heritability for iron and moderate heritability for zinc along with their positive genetic correlation indicate that a selection program with emphasis on increasing the beef content for these 2 minerals is feasible and genetic improvement should be successful. Given the diffi culty of collecting records for these traits in selection candidates, implementation would require identifi cation of genetic markers associated with iron and zinc content for use in marker-assisted selection programs.
Relationships with Sensory Traits
Regression estimates and SE are shown in Table 7 for sensory traits with statistically signifi cant genetic associations with LM mineral concentrations.
Overall tenderness was signifi cantly associated with manganese, phosphorus, potassium, sodium, and zinc. Overall tenderness increased 1.17, 0.0002, and 0.001 points per 1 μg increase per gram of muscle in manganese, potassium, and sodium, respectively. In contrast, overall tenderness decreased by 0.0007 and 0.005 points for every 1 μg increase per gram of muscle in phosphorus and zinc, respectively. The only signifi cant correlation with the tenderness score reported by Nour et al. (1983) was with cobalt (Co), a mineral not analyzed in our study, but the correlation was relatively low.
Juiciness in the present study was negatively associated with magnesium content and positively associated with manganese and sodium concentration. A decrease of 1 μg magnesium per gram of muscle and an increase of 1 μg manganese and sodium per gram of muscle was associated with 0.004, 1.29 and 0.001 points, respectively, increased juiciness as evaluated by the panelists on the sensory panel (on an 8-point scale). A similar negative association between juiciness and magnesium content was found by Nour et al. (1983) .
Beefy fl avor was associated signifi cantly with calcium, iron, sodium, and zinc. An increase of 1 microgram calcium, iron, and zinc per gram muscle was associated with a 0.0006-, 0.006-, and 0.002-point (on the 3-point scale) increase in beefy fl avor, respectively. A decrease of 1 μg sodium per gram of muscle was associated with an increase of 0.0004 points in beefy fl avor. Iron and zinc were reported previously (Nour et al., 1983) to have signifi cant positive phenotypic correlations with beefy fl avor (r = 0.33 and 0.34), respectively, although weaker phenotypic correlations were previously reported on the present data set (r = 0.14 and 0.06, respectively; Garmyn et al., 2011) . Meisinger et al. (2006) examined the relationship of heme iron to off-fl avor in different muscles from the chuck and round and a signifi cant correlation (−0.51) was identifi ed only between heme iron and offfl avor intensity for just 1 (vastus lateralis) of 7 muscles used in their study. The possibility exists for heme iron, by producing radicals capable of inducing lipid oxidation (Kanner and Harel, 1985; Batifoulier et al., 2002) , to act as a pro-oxidant and infl uence meat fl avor. However, the mechanism of iron involvement in lipid peroxidation in meat is still under debate.
The only other fl avor signifi cantly associated with any of the minerals analyzed in this study was a painty or fi shy fl avor, which decreased by 0.0004 and 0.00003 points and increased by 0.0003 points (on the 3-point scale) with a 1-μg increase in calcium, potassium, and sodium per gram of muscle, respectively. Jenschke et al. (2007) found sodium had a signifi cant effect on the liverlike off-fl avor, but similar to results presented in this study, the contribution was minimal.
Livery or metallic fl avor was not signifi cantly associated with any of the minerals analyzed (P > 0.05; data not shown). Copper concentration was not significantly associated (P > 0.05) with any of the meat quality traits analyzed.
It is important to point out that all the associations between mineral content and palatability traits identifi ed in this study, although statistically signifi cant, are negligible from a practical standpoint when taking into consideration the average content of these minerals and the range for their natural variation presented in this study. The associations identifi ed indicate that if it is desired to improve the nutritional value of beef by increasing the iron and zinc content, no negative effects on palatability traits are expected.
Nutritional Value of Beef
Calcium, an essential nutrient with an important role in bone health, is required for vascular contraction and vasodilation, muscle function, nerve transmission, intracellular signaling, and hormonal secretion (Anderson et al., 1993; Ambudkar, 2011; Fearnley et al., 2011; Rosenberg and Spitzer, 2011) . The health benefi ts of calcium are related to bone health and osteoporosis, cardiovascular disease, blood pressure regulation and hypertension, kid- ney stones, and weight management (Burtis et al., 1993; Flynn, 2003; Tylavsky et al., 2008; Astrup, 2011; Meier and Kranzlin, 2011; ) . In our study, the average calcium concentration was 38.71 μg/g muscle; therefore, the contribution to the daily human requirements is relatively minor, providing, on average, 3.87 mg calcium per 100 g serving of beef for the 1,000-to 1,300-mg daily need by the average adult.
Copper is a trace element essential in most animals, including humans, and a critical functional component of a number of essential enzymes used by most cells. In particular, copper is required for cytochrome oxidase and superoxidase dismutase, enzymes involved in energy production and protection of cells from free radical damage, respectively (Yim et al., 1993; Gezer et al., 1998; Jimenez and Speisky, 2000) . The average copper concentration in our study was 0.78 μg/g muscle; therefore, a 100 g serving of beef contributes, on average, 0.08 mg of copper, which represents between 4% and 8% of the recommended dietary allowance. Probably more important than the actual amount of copper provided is the role played in iron metabolism through ferroxidase I and II, 2 copper-dependent enzymes with the capacity to oxidize ferrous iron to ferric iron, which can be loaded onto the transferrin for transport to the site of red cell formation (Osaki et al., 1971; Garnier et al., 1981) .
Iron is an important dietary mineral involved in various bodily functions, including the transport of oxygen in the blood. The iron concentration in the present data set was 14.44 μg/g muscle, representing, on average, 1.44 mg iron per 100 g serving of beef. The current recommended daily allowance varies depending on gender and age from 8 to 18 mg per day. In this context, a 100 g serving of beef would provide between 8% and 18% of the recommended daily allowance. The amount of iron absorbed compared with the amount ingested is typically low, and the source of iron is an important factor determining the effi ciency of absorption (Kapsokefalou and Miller, 1993; Andrews, 2005; West and Oates, 2008; Han, 2011) . Iron in animal and some plant products is mostly in the form of heme iron, which is more effi ciently absorbed. Heme iron in meat is from blood and heme-containing proteins in muscle cells including mitochondria, whereas in plants heme iron is present in mitochondria in all cells that use oxygen for respiration. The importance of iron in human diet, the high heritability of this mineral in beef (0.54), and the natural variation that was present in our study indicate the iron content in beef could be successfully improved through selection. The maximum iron concentration in this study was 27.43 μg/g muscle, representing between 15% and 34% of the recommended daily allowance depending on gender and age.
Magnesium is essential to good human health as it helps maintain normal muscle and nerve function, keeps heart rhythm steady, supports a healthy immune system, and keeps bones strong (Clarkson and Haymes, 1995; Saris et al., 2000; Tam et al., 2003; Spiegel, 2011; Genuis and Bouchard, 2012) . Magnesium also helps regulate blood glucose concentrations, promotes normal blood pressure, and is involved in ATP metabolism and protein synthesis (Wester, 1987; Saris et al., 2000) . There is an increased interest in the role of magnesium in preventing and managing disorders such as hypertension, cardiovascular disease, and diabetes (Bo and Pisu, 2008; Champagne, 2008; Houston, 2011) . In our study, the magnesium concentration was 254.5 μg/g muscle; therefore, a 100 g serving of beef would provide, on average, between 6.4% and 8.5% of the 300-to 400-mg daily recommended allowance for magnesium intake for adults. Given the high variability for magnesium concentration, the same serving of beef could provide as much as 14% of the daily recommended allowance. Manganese is a trace mineral found mostly in the bones, liver, kidneys, and pancreas. Manganese helps the body form connective tissue, bones, blood clotting factors, and sex hormones (Santamaria and Sulsky, 2010) . It also plays a role in lipid and carbohydrate metabolism, calcium absorption, and blood glucose regulation (Kehl-Fie and Skaar, 2010; Bae et al., 2011) . Manganese is also necessary for normal brain and nerve function. In addition, manganese is a component of the enzyme superoxide dismutase, 1 of the key antioxidants in the body (Miriyala et al., 2012) . The manganese concentration in our study was highly variable, with an average of 0.07 μg/g muscle. The 0.007 mg provided by a 100 g serving of beef is a negligible amount toward the daily adequate intake of 1.8 to 2.3 mg per day.
Phosphorus, a mineral that makes up 1% of the total BW of a person, is present in every cell of the body. The main use of phosphorus is in the formation of bones and teeth. It plays an important role in the use of carbohydrates and lipids by the body and in the synthesis of protein for the growth, maintenance, and repair of cells and tissues (van den Broek and Beynen, 1998; Civitelli and Ziambaras, 2011) . It is also crucial for the production of ATP, a molecule used by the body to transfer energy. Phosphorus is a constituent of the coenzyme form of most B vitamins. It also assists in the contraction of muscles, in the functioning of kidneys, in maintaining the regularity of the heartbeat, and in nerve conduction (Horl et al., 1983; Clarkson and Haymes, 1995; van den Broek and Beynen, 1998) . The main food sources of phosphorus are the protein food groups of meat and milk. A meal plan that provides adequate amounts of calcium and protein also provides an adequate amount of phosphorus. In our study, the phosphorus concentration was 1,968 μg/g muscle, with a 100 g serving of beef providing, on average, 196.8 mg of phosphorus, or 28% of the 700-mg daily recommended allowance for phosphorus intake for adults. Although highly variable, with a serving of beef in this study contributing a maximum of 45% (3,163 μg/g muscle) of the daily recommended allowance for phosphorus intake, phosphorus had a low heritability (0.04), which makes this mineral an unlikely candidate for selection.
Potassium, a very important mineral in the human body, is mostly involved in electrical and cellular body functions. It has various roles in metabolism and body functions and is essential for the proper function of all cells, tissues, and organs (Tylavsky et al., 2008) . Beef is one of the top sources of potassium in the human diet (O'Neil et al., 2011; Nicklas et al., 2012) . In our study, the potassium concentration was 3,433 μg/g muscle, with 1 serving of beef providing, on average, 343.3 mg of potassium, which is equivalent to almost 10% of the daily recommended value.
Zinc is essential for growth and development and is involved in DNA and RNA synthesis and the catabolism of carbohydrates, lipids, and proteins for ATP generation (Saper and Rash, 2009) . Zinc boosts immunity and also helps the body heal wounds and maintain normal blood glucose concentrations (Jansen et al., 2009; John et al., 2010; Kehl-Fie and Skaar, 2010; Mocchegiani et al., 2012) . Animal and plant foods supply zinc, but as with iron, zinc is more efficiently absorbed from beef, which makes it an excellent source of dietary zinc. In our study, the zinc concentration was 38.9 μg/g muscle. Therefore, a 100 g serving of beef contains an average of 3.89 mg, or 26% of the recommended daily intake. High CV (0.20) and moderate heritability (0.10) indicate a potentially successful increase of zinc content through selection, if desired.
Our results on concentrations of measured minerals agree with those of several other studies (Biesalski, 2005; Zanovec et al., 2010; O'Neil et al., 2011) documenting the role of beef in providing essential minerals to the human diet, particularly iron, magnesium, phosphorus, potassium, and zinc. When availability from other food sources, however, is considered, the amount of iron and zinc provided through consumption of lean beef has a critical role toward meeting the nutritional requirements of these 2 nutrients and may provide major health benefi ts.
Conclusion
This study found that several mineral concentrations are heritable, and several favorable genetic correlations exist between these minerals. These results indicate manipulation of the mineral content of meat is possible through selection, with practically no alterations in beef palatability traits. Because of the lack of phenotypic data on mineral content, further studies are needed to identify genetic markers to be used in marker-assisted selection if manipulation of mineral content is desired.
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